Abstract Nanocolloidal poly(aniline-co-o-toluidine) particles were synthesized by dispersion polymerization using different weight ratios of steric stabilizer poly(styrene sulfonic acid). The dispersed nanocolloidal particles ranging from 10 to 100 nm were inspected by transmission electron microscopy and particle size analyzer. The strong doping level of particles at higher weight ratios of stabilizer was analyzed by elemental analysis. The functional groups of particles were identified by Fourier transform-infrared spectra. A reduction of the conjugation length in the particles leads to the homogeneous mixture of phases which was confirmed by scanning electron microscopy and UVvisible spectra. The blue shift polaron band has confirmed the change in conjugation length of the particle. High thermal stability of particles was examined by thermogravimetry analysis.
Introduction
Recent development in organic electronics has brought a colossal momentum in the field of electrically conductive and semiconductive polymers. The conducting polymers are employed as functionalized materials and play a vital role in diversified applications [1] . Among the promising conducting polymers, polyaniline (PANI) has received great attention from researchers in the last decade because of easy synthesis, environmental stability, high conductivity, low cost, complex structure and special proton doping mechanism. The physical properties of conducting polymers have been controlled by oxidation and protonation elements as well [2] [3] [4] [5] . The PANI has numerous applications that include organic lightweight batteries, microelectronic devices, electrochromic displays, electromagnetic shielding devices and sensors [6] [7] [8] [9] [10] [11] [12] . Since PANI exhibits poor physical and mechanical properties, researchers find very few applications and one of the challenges in PANI is the processability. It is insoluble in common organic solvents, which became the center point of several investigations. To overcome this disadvantage, several techniques have been followed such as substitution in the aniline monomer prior to polymerization, copolymerization with other monomers, making blends with other conventional polymers and preparation of dispersed colloidal polymers [13] [14] [15] [16] [17] . The colloidal PANI particles are produced by oxidation of aniline in the presence of suitable water-soluble polymer [18, 19] . In the process of dispersion polymerization, the monomer is soluble in the reaction medium, but the resultant polymer is insoluble under the same condition and the polymer precipitation is prevented by the presence of water-soluble polymer, the so-called steric stabilizer [20] . The colloidal PANI particles have a typical average particle size around hundred nanometers and thus are denoted as nanocolloids. The nanometer-sized PANI particles have been used for practical applications such as antistatic coatings, supercapacitors, corrosion production, chemical sensors, batteries and nanodevices [21] [22] [23] [24] . Although there is a lack of facilities and reliable techniques for preparing high-quality nanometer-sized particles, researchers have employed different methods using chemical or electrochemical, electrospinning interfacial and microwave polymerization [19, [25] [26] [27] [28] . The polymer synthesization using aniline derivative o-toluidine has also attracted considerable attention since they exhibit enhanced solubility and better processability than PANI [29, 30] . Hence synthesis of nano-sized copolymer of aniline with o-toluidine will have both the advantages of polytoluidine and PANI. Among the various water-soluble polymer poly(styrene sulfonic acid) (PSS) has been used as a dopant with polymer backbone to produce electrically conductive emeraldine salt forms. The excess of sulfonic acid group has enhanced the water dispersibility and resultant polymer is processable easily in application side [31, 32] .
In the present work, nanocolloids of poly(aniline-co-otoluidine) (PAT) are prepared easily with the presence of PSS through the dispersion polymerization method to get beneficial material with new synthetic properties. The different wt% of PSS with (aniline ? o-toluidine) is used to understand the formation of dispersed nanocolloids in aqueous PSS. The spectroelectrochemical investigations of dispersed particles are discussed.
Experimental method

Materials
Two monomers aniline, o-toluidine and oxidant ammonium peroxydisulfate (APS) (Merck) were used to prepare copolymer. Polystyrene sulfonic acid (PSS) MW [75,000 (Aldrich) was used as a dopant and as a steric stabilizer. Deionized water was used for all the reactions.
Polymerization of aniline and o-toluidine
The PAT:PSS colloidal particles were synthesized using dispersion polymerization. In this typical synthesis, different wt% of PSS was dissolved in 90 ml of deionized water in a reaction vessel and the two monomers, 0.4657 g (5 mmol) of aniline and 0.5359 g (5 mmol), of o-toluidine were added slowly dropwise. Aniline and o-toluidine were dissolved thoroughly in the aqueous solution of the steric stabilizer; PSS with the aid of ultrasonication. The different wt% of PSS was maintained as 0.5, 1, 2.5, 5, 10 and 15. An amount of 2.28 g (10 mmol) of ammonium peroxydisulfate was dissolved in 10 ml of deionized water with the help of ultrasonication and then slowly added into the solution of monomers with polymeric acid PSS. The polymerization was carried out for 24 h at 5°C with constant mechanical stirring. The presence of the stabilizer with different wt% affected the course of polymerization. The stable colloidal dispersions were obtained by sufficiently high (i.e., [1 wt%) stabilizer concentration. The low (i.e., B1 wt%) concentration of stabilizer yielded precipitation in the reaction vessel. The stable colloidal dispersions have been precipitated with excess of ethanol to obtain the solid form of PAT:PSS particles. The precipitated powders were dried at 60°C in vacuum for 24 h.
Nanocolloidal particle formation
The oxidation of aniline and its derivative o-toluidine with ammonium peroxydisulfate is exothermic. The hydrogen atoms of aniline and o-toluidine are released in the form of protons. The decomposition of peroxydisulfate produced the sulfuric acid in the reaction medium. When the polymerization is carried out in the absence of any acid (i.e., without dopant), the monomers aniline and o-toluidine are protonated by the sulfuric acid in the reaction medium. Simultaneously, the protonated aniline cations are being involved in the polymer chain formation. The final product of aniline and o-toluidine oxidation in water without initial dopant is thus composed of both oligomeric and polymeric components [32] . The initial proton to monomer affects the polymer morphology. The acidity of the reaction medium affects the proportion between the neutral aniline molecules and anilinium cations. Generally the oxidation of protonated anilinium cation is difficult compared to the oxidation of neutral aniline. In this present work PSS is used as initial protonater and as well as steric stabilizer. The initial proton concentration is controlled by changing the wt% of PSS in the reaction medium. When the PSS wt% is less than the monomers, the reaction medium is occupied by more number of neutral aniline molecules and less number of anilinium cations. The poly(aniline-co-otoluidine) precipitation is yielded in the reaction vessel by the oxidation of aniline and o-toluidine with less or equal wt% of PSS. When the PSS wt% is higher than the monomers weight, the reaction medium is fully occupied by anilinium cations and an excess of PSS. The oxidation of anilinium cations yielded poly(aniline-co-o-toluidine):poly(styrene sulfonic acid) nanocolloidal particles and the excess of PSS can serve as the stabilizer. For lower PSS content the PAT particles are formed in larger size by aggregation of large number of particles. Increase facilitates regular shape and alignment of the nanoparticles. The interaction between the nanoparticles is hindered by the excess number of PSS molecules. Hence, higher wt% of PSS stabilized the dispersions and decreased the PAT particle size. The nanocolloidal formation is depicted in Scheme 1.
Characterization techniques
The water-dispersible PAT:PSS nanoparticles were precipitated with excess of ethanol to obtain the solid form of PAT:PSS nanoparticles. The higher wt% of PSS required more quantity of ethanol. Thus, undoped PAT particles were extracted without ethanol. The FT-IR spectra of various samples in KBr pellets were obtained using a Brukker IFS 66 V IR spectrophotometer. The detailed PAT compositions with different PSS wt% were performed by elemental analysis using Elementar Vario EL III. PerkinElmer Lambda 35 UV-Vis spectrometer was used for UVVis spectral analysis. The particles were dispersed in DI water for UV-Vis measurements using DI water as the blank. Morphological studies of PAT:PSS powders were performed by SEM technique with JEOL scanning electron microscope (Model JSM-6390). The particle size and size distribution of various samples were determined by laser light scattering with a Zetasizer particle size analyzer (Malvern,
before the measurements. Transmission electron microscopy observation was performed using an EOL-1200 EX transmission emission microscope operated at a 100 kV accelerating voltage. Specimens for TEM were prepared by spreading a small drop of the sample solution onto a 400 mesh copper grid. Thermal analysis of various samples was conducted using a DuPont TA Instrument 2050 thermo gravimetric analyzer under a dry nitrogen atmosphere, with a heating rate of 20°C/min and using platinum pans. The temperature range was from 100 to 800°C.
Result and discussion
FT-IR spectra Figure 1 shows the FT-IR spectra of the PAT:PSS particles in the undoped and PSS-doped form. The PAT particles synthesized without protonater show the peaks at 617, 802, 1,010, 1,160, 1,400, 1,490, 1,595, 2,850, 2,920, 3,160 and 3,410 cm -1 . The PAT particles polymerized with different wt% of PSS show the new peak at 1,030 cm -1 . The FT-IR spectra ranging from 2,500 to 4,000 cm -1 reflect particularly hydrogen bonding. The peak around 3,410 cm -1 is assigned to -NH-stretching vibration of secondary amine groups. The increase in intensity of the peak at 3,410 cm -1 is connected to water absorption; the PSS increases the hydrophilicity of the polymer particles. The peak at 3,160 cm -1 is attributed to -NH-groups with strong H bonds formed between -NH-and -N= groups in the polymer chain. The small peaks at 2,920 and 2,850 cm -1 are assigned to C-H asymmetric and symmetric stretching vibration mode of methyl groups. The gradual increase in intensity of the peaks with PSS wt% indicates that more otoluidine segments are participated in the polymer chain. The peaks 1,595 and 1,490 cm -1 are attributed to quinoid imine and benzenoid amine structure, respectively. The most intense peak at 1,400 cm -1 is not straightforward. The above peak can be related to protonated nitrogen atoms of the polymer backbone or to ammonium sulfate byproduct, deriving from APS and incorporated as ''ionic cross linker'' among PAT chains and/or among PAT and the polymeric stabilizer PSS chains [33] . The higher wt% of PSS shows the new peaks at 1,160 and 1,030 cm -1 , which are attributed to asymmetric stretching and symmetric stretching vibration of sulfonic groups, respectively. The peaks at 1,110 and 617 cm -1 are corresponding to S-C stretching vibration of PAT particles. The above peaks in PAT particles without PSS are associated to the presence of sulfuric acid, a by-product of APS. The asymmetric S-O stretching vibration is observed at the peak 669 cm -1 . The para-coupled 1, 4-distributed out of plane C-H bonds are located in the region of 800-880 cm -1 . Elemental analysis Table 1 represents the composition of PAT particles synthesized with and without PSS. The PAT particle synthesized without PSS results in few sulfur groups, which is due to the by-product of sulfuric acid produced by the decomposition of APS. Hydrogen sulfate or sulfate counter ions always constitute a part of the PAT particles, when peroxydisulfate is used as an oxidant [32] . The S/N ratio of the particle represents the doping level of the polymer chain. The S/N ratio increases with PSS concentration which indicates the high doping level of PAT particles.
UV-visible spectra
The optical absorption spectra of PAT particles with and without PSS are shown in the Fig. 2 . The PAT particles synthesized without PSS show the absorption band at 405 nm due to the p-p* transition of the phenyl rings. The PAT particles doped with PSS show the three characteristic absorption bands at 330-360, 400-450 and around 800 nm.
The absorption band at 330 nm exhibits due to the p-p* electron transition within benzenoid segment. The bands at 400-450 and 800 nm relate to the polaron band-p* transition and the p-localized polaron band transition in emeraldine salt, respectively. The polaron band intensity at 800 nm is gradually increased with PSS wt%, which is probably attributed to the doping level and/or to the higher electron density in the polymer backbone. Moreover, the blue shift is observed in the band at 800 nm with a higher wt% of PSS. The blue shift is attributed to increase in the number of side groups, which alter the torsional angle and leads to lower conjugation length of the particles.
SEM
The SEM images of the synthesized PAT particles are shown in the Fig. 3 . The PAT particles extracted using ethanol, are agglomerated into a complex structure and the actual morphology of single particle prediction becomes difficult. The phase separation between PAT and PSS is clearly noticed in the conjugation length of PAT particles, which enhances the particle size reduction with homogeneous mixture of phases and good compatibility.
TEM and particle size analyser
Closer inspection of TEM images of PAT:PSS particles are shown in the Fig. 4 . The lower wt% of PSS 0.5 and 1 shows the network formation of the PAT particles. The higher wt% of PSS 15 resulted in the smooth and spherical particles with a size distribution of 40-100 nm. The network PAT particles for the lower wt% of PSS show the size distribution ranging from 500 nm to 2 lm. The gradual increases of PSS stabilize the dispersions and decrease the PAT particle size. The particle size distribution profile of PAT particles with different wt% of PSS is shown in the Fig. 5 . A wide distribution of particle size, 10-100 nm is observed for the higher wt% 15 of PSS. The nanocolloidal size distribution of PAT:PSS particles with 10-100 nm coincides with TEM image of higher wt% of PSS. The gradual decreases in the particle size from 2 lm to around 100 nm reveals that the presence of stabilizer affects the course of polymerization. The stable nanocolloidal dispersions are exhibited only at sufficiently high stabilizer concentration.
TGA
The thermal stability of PAT particles in the presence of different wt% of PSS is studied by TGA. Figure 6 shows the curves of weight loss versus temperature for PAT:PSS particles. Thermogravimetric curves show the three stages of thermal transition owing to weight loss. The first significant weight loss is observed in the temperature range between 30 and 100°C. In this region, the weight loss increases with PSS wt% due to the residual water evaporation. The above result indicates that higher wt% of PSS increases the hygroscopic nature of the PAT particles. The weight loss started at above 225°C corresponds to gradual detachment of SO 3 H dopant from PAT particles and the loss of the sulfonic acid group by desulfonation. Almost the second weight loss ends at around 325°C for lower wt% of PSS. The detachment of dopant is extended to 450°C for higher weight ratios of PSS. The third weight loss corresponds to the decomposition of the main chain of PAT particles. The decomposition is started at around 325 and 450°C for lower wt% and higher weight ratio of PSS, respectively.
Conclusion
The PAT:PSS nanocolloidal particles were synthesized through the dispersion polymerization technique. The particle size and TEM analysis confirmed that the higher wt% of PSS reduces the particle size to nano-range around 100 nm from 2 lm. The functional group and doping level of the PAT particles with respect to different wt% of PSS are confirmed through the studies of FT-IR and elemental analysis. The reduction in conjugation length of PAT particles is interpreted in SEM and UV-visible studies. The higher wt% of PSS increased the thermal stability of PAT:PSS nanoparticles.
